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ABSTRACT
We present DECam imaging combined with Gaia DR2 data to study the Canis Major
overdensity. The presence of the so-called Blue Plume stars in a low-pollution area of
the color-magnitude diagram allows us to derive the distance and proper motions of
this stellar feature along the line of sight of its hypothetical core. The stellar over-
density extends on a large area of the sky at low Galactic latitudes, below the plane,
and between 230◦ < ` < 255◦. According to the orbit derived for Canis Major, it
presents an on-plane rotation around the Milky Way. Moreover, additional overdensi-
ties of Blue Plume stars are found around the plane and across the Galaxy, proving
that these objects are not only associated with that structure. The spatial distribution
of these stars, derived using Gaia astrometric data, confirms that the detection of the
Canis Major overdensity results more from the warped structure of the Milky Way
disk than from the accretion of a dwarf galaxy.
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1 INTRODUCTION
The Galactic halo is partially the result of the continuous
merging and accretion of minor satellites (e.g. Font et al.
2011; Rodriguez-Gomez et al. 2016). Large scale sky sur-
veys, such as SDSS, 2MASS, DES and Gaia, have shown us
the heterogeneous origin of the outer Milky Way by unveil-
ing past accretion events (e.g. Helmi et al. 2018; Myeong
et al. 2019; Torrealba et al. 2019), a population of stellar
tidal streams and overdensities (e.g. Bernard et al. 2016;
Shipp et al. 2018), and faint galaxies (e.g. Drlica-Wagner et
al. 2015; Koposov et al. 2015, 2017; Torrealba et al. 2018).
One of the main evidence of hierarchical formation in our
Galaxy is the tidal stream generated by the accretion of
the Sagittarius dwarf galaxy (Ibata et al. 1994; Mart´ınez-
Delgado et al. 2001; Majewski et al. 2003; Belokurov et al.
2006; Koposov et al. 2012), which is orbiting the Milky Way
in almost a polar orbit. Since its discovery, a handful of new
? E-mail: jcarballo@uta.cl
stellar overdensities, clumps and streams have been discov-
ered in the halo and this family will keep growing as the
coverage of the sky by new projects (e.g. LSST) and their
completenesses increase.
The so-called Canis Major overdensity (CMa), an
elliptical-shaped stellar overdensity centered at (`, b)=
(240◦, -8◦), was discovered by Martin et al. (2004) by ana-
lyzing the distribution of M-giant stars below and above the
Galactic plane. Such a remarkable Milky Way halo substruc-
ture is spreading over a wide area (∼ 100 sq deg) of the sky
and seems to be located at only < d >∼ 7 kpc (Bellazzini
et al. 2004; Martin et al. 2004; Mart´ınez-Delgado et al. 2005;
Bellazzini et al. 2006; Butler et al. 2007).
For many years, the origin of that overdensity gener-
ated an intense debate. One of the hypothesis about its na-
ture is that CMa is the core of a dwarf galaxy accreted at
low Galactic latitudes. The first estimates, based on M-giant
stars counts, suggested that CMa and the Sagittarius dwarf
galaxy have a similar total mass (Martin et al. 2004). More-
over, its absolute magnitude (MV ∼ −14.4) and central sur-
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face brightness (µV,0 ∼ 24 mag arcsec−2) values seemed to
locate this hypothetical galaxy in the same region of the lu-
minosity - size and MV − µV planes where other Milky Way
satellites are located (Mart´ınez-Delgado et al. 2005; Bellazz-
ini et al. 2006; Butler et al. 2007). Moreover, a group of pecu-
liar globular clusters (NGC 1851, NGC 1904, NGC 2298 and
NGC 2808, among others) has been associated with CMa,
what initially reinforced its definition as possible accreted
galaxy within the inner Galactic halo (Forbes et al. 2004;
Martin et al. 2004; Forbes & Bridges 2010). Those glob-
ulars present extended halos and seem to be surrounded
by an unexpected stellar population, what might confirm
their accreted origin (see Carballo-Bello et al. 2018, and
references therein), as also suggested by their position in
the age-metallicity distribution of Galactic globular clusters
(see Kruijssen et al. 2019). In addition, this family of globu-
lars has been associated with the Gaia Sausage, a structure
in the velocity space formed after the disruption of a mas-
sive galaxy (see Myeong et al. 2018; Forbes 2020, and refer-
ences therein). The scarce analyses of chemical abundances
of CMa members found that some of those stars displayed
abundance ratios clearly unusual for Galactic stars (e.g.
Sbordone et al. 2005), thus confirming the extra-Galactic
nature of that halo substructure.
The excess of bright blue stars in the color-magnitud
diagrams (CMD) obtained for the central regions of CMa
with respect to the ones derived for the symmetric fields
above the Galactic plane, has been suggested as an addi-
tional evidence for the extra-Galactic origin of this overden-
sity (Bellazzini et al. 2004; Mart´ınez-Delgado et al. 2005;
de Jong et al. 2007). This possibly young (1 − 2 Gyr) stellar
population, namely the Blue Plume (BP), is bright enough
to be detected even in shallow wide-field photometry and
is found in a section of the CMD with very low levels
of contamination by fore/background stars. Dinescu et al.
(2005) measured the proper motions for a sample of BP stars
in direction of the CMa core (µ` cos(b) = −1.47 mas yr−1,
µb = −1.07 mas yr−1) and derived, together with the radial
velocity measured for M-giant stars in the same region (Mar-
tin et al. 2004, vr = 109 km s−1), a tentative orbit for this hy-
pothetical dwarf galaxy. Their results show that CMa might
have an in-plane rotation, similar to that of the thick-disk
stars in that direction of the Galaxy but with a remark-
able motion perpendicular to the plane (W = −49 km s−1).
An alternative interpretation for the detection of BP stars
along this line of sight suggests that this population, which is
also detected at different longitudes across the third Galactic
quadrant, might be associated with a out-of-plane spiral arm
of the Milky Way instead of being part of the debris from a
disrupted dwarf galaxy (Carraro 2005; Moitinho et al. 2006;
Carraro et al. 2008; Powell et al. 2008).
In fact, the Galactic origin of CMa was the alternative
scenario considered since just after its discovery: the warped
Milky Way disk, firstly suggested by Kerr (1957), widely
studied using different tracers (e.g. Wouterloot et al. 1990;
Lo´pez-Corredoira et al. 2002; Levine et al. 2006; Witham
et al. 2008; Chen et al. 2019; Romero-Go´mez et al. 2019)
and observed in many other spiral galaxies (e.g. Sanchez-
Saavedra et al. 1990), might be responsible for the overpopu-
lation of stars along the line of sight of CMa. A series of anal-
yses of the expected and observed stellar counts (Momany
et al. 2004; Lo´pez-Corredoira 2006; Momany et al. 2006;
Lo´pez-Corredoira et al. 2007) found plausible to reproduce
the observed spatial distribution of CMa stars in the third
Galactic quadrant with a warped+flared disk. Two large sets
of physical mechanisms have been proposed to explain the
non-planarity of the Galactic disk (Alfaro & Efremov 1996;
Lo´pez-Corredoira et al. 2020): (i) the former is based on
the existence of a Galactic magnetic field and its possible
interaction, either with the intergalactic magnetic field (i.e.
Battaner et al. 1990), or with the Galactic disk disturbances
due to energy and momentum injection through collisions
with high-velocity clouds (Santilla´n et al. 1999; Franco et al.
2002), dark-matter halos (Bekki 2009), or satellite galaxies
(Hu & Sijacki 2018); the second group (ii) encompasses the
different gravitational couplings that can occur when the an-
gular momentum of different galactic subsystems (i.e. halo
and disk) are misaligned (Dubinski & Chakrabarty 2009).
The first case would mainly affect gas, and only young stars,
born from this material, would partially fit the gas pattern.
If the stellar population, in a wide range of ages, showed the
warped shape, then it would be more logical to think that
the gravitational interaction between different subsystems
of the Milky Way is its main driver. The latest results seem
to show that the warp is present at different ranges of stel-
lar ages which leads to think that gravitational interaction
between Galactic subsystems is the main mechanism that
drives the warp formation (Poggio et al. 2018).
Moreover, the lack of an excess of RR Lyrae stars at
the position of CMa, as previously reported for other well-
studied dwarf galaxies, was pointed out in the last work on
this overdensity for the last decade and discarded once again
its extra-Galactic origin (Mateu et al. 2009). The absence of
RR Lyrae stars would imply that the alleged galaxy would
have an old population which is either negligible or with very
unique properties. Either case implies the stellar population
of CMa is at odds with what is observed in the rest of dwarf
spheroidal galaxies in the Local Group and around other
nearby stellar systems.
To add more complexity to the interpretation of the
CMa nature, early numerical simulations of the Monoceros
ring, a vast stellar halo substructure surrounding the Milky
Way (Newberg et al. 2002), placed the overdensity in a pro-
jected position compatible with that of the stream (Pen˜ar-
rubia et al. 2005). However, this identification of CMa as the
accreted progenitor galaxy of Monoceros was not conclusive
and even the origin of the ring as a possible Galactic disk
perturbation has recently been object of discussion (e.g. Xu
et al. 2015).
In this paper, we combine new photometric data from
our wide-field DECam survey of CMa with parallaxes and
proper motions provided by the second Gaia data release
(DR2) to map the extend of CMa and shed more light on
its real nature. This dataset allows us to study the three-
dimensional structure of this stellar overdensity by tracing
BP stars across the area covered by our DECam survey. We
also extend this study to the whole sky based on the pho-
tometry obtained by this space mission, which is crucial to
confirm/discard the association of such a remarkable stellar
feature with any of the components of the Milky Way.
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Figure 1. Distribution in the sky of the 115 fields observed with
DECam. The solid orange line corresponds to the tentative pro-
jected position of the CMa core as described by Butler et al.
(2007).
2 OBSERVATIONS AND CROSS-MATCH
WITH GAIA
We have surveyed a region in the sky containing CMa using
the Dark Energy Camera (DECam), which is mounted at
the prime focus of the 4-m Blanco telescope at Cerro Tololo
Inter-American Observatory (CTIO). DECam provides a
3 deg2 field of view with its 62 identical chips with a scale of
0.263 arcsec pixel−1 (Flaugher et al. 2015). The area to ex-
plore was confined to 230◦ ≤ ` ≤ 265◦ and −13◦ < b < −5.5◦,
as shown in Figure 1. The exposure time was 20 s both for the
g and r bands. A total of 115 DECam fields were observed in
a single night (08.01.2014; proposal ID # 2013A-0615) with
stable seeing conditions. We also observed 5 Sloan Digital
Sky Survey (SDSS) fields at different airmasses to derive
the atmospheric extinction coefficients for that night and
the transformations between the instrumental magnitudes
and the ugriz system.
The images were processed by the DECam Community
Pipeline (Valdes et al. 2014) and accesed via the NOAO Sci-
ence Archive. The photometry was obtained from the images
with the PSF-fitting algorithm DAOPHOT II/ALLSTAR
(Stetson 1987). The final catalog only includes stellar-shaped
objects with |sharpness | ≤ 0.5 to avoid the unavoidable pol-
lution by background galaxies and non-stellar sources. We
also used DAOPHOT II to include in our images synthetic
stars with magnitudes in the range 17 ≤ g, r ≤ 25 and
0 ≤ g − r ≤ 1.5 in order to estimate the completeness of
our photometry. We applied our photometry pipeline with
these altered images and the limiting magnitude was set at
that of the synthetic stars that are only recovered in 50% of
the cases. For g and r bands, the limiting magnitude in our
catalogs are 20 mag and 20.5 mag, respectively. Extinction
coefficients have been derived1 from Schlafly & Finkbeiner
(2011) dust maps and we adopted the multiplicative coeffi-
cients estimated by the Dark Energy Survey collaboration
(Rg = 3.186 and Rr = 2.140; Abbott et al. 2018).
The European Space Agency (ESA) mission Gaia will
provide precise positions, kinematics and stellar parameters
for more than one billion stars aiming to understand the
origin and evolution of our own Galaxy (Gaia Collaboration
2016). So far, the second data release (Gaia Collaboration
2018) has provided the five-parameter astrometric solution
(positions, proper motions and parallaxes), making it possi-
ble to explore the structure of the Milky Way with unprece-
dented detail. In order to include this precious information
in our final photometric catalog, we crossed-match our DE-
Cam results with the Gaia DR2 database.
Among the available information for each source, we
ensure a good quality photometry and astrometry by us-
ing the BP/RP excess factor, which measures the excess of
flux in the GBP and GRP integrated photometry with re-
spect to the G band, and the number of visibility periods
used in the astrometric solution, i.e., the number of dis-
tinct observation epochs. For this work, only those sources
in Gaia with phot bp rp excess factor ≤ 1.5 and visi-
bility periods used ≥ 5 were considered. We also adopted
the formalism of the renormalized unit weight error (RUWE;
Lindegren 2018) and we assumed that only objects with
RUWE ≤ 1.4 have an acceptable astrometry. Despite the
slightly shallower photometry provided by that mission, only
an average of 5% of objects per field lack Gaia counter-
part satisfying the conditions described above. Therefore,
our DECam∩Gaia dataset is almost identical to our initial
photometry, with a final sample of stars of 11,663,496 stars.
We have used the Gaia extinction coefficients provided by
Gaia Collaboration (2018) and the photometric errors were
computed using σ2mag = (1.086σflux/flux)2+(σzp)2, where σflux
and σzp are the error in the flux and photometric zeropoint,
respectively (Evans et al. 2018).
3 RESULTS AND DISCUSSION
3.1 Tracing the Canis Major structure with Blue
Plume stars in the DECam photometry
BP stars have been considered the best stellar tracers of the
presence of CMa in the third Galactic quadrant. Indeed, in
the CMD contained in Figure 2 corresponding to the center
of the overdensity (` ∼ 240◦ , according to the red-clump
(RC) stars distribution obtained by Bellazzini et al. 2006),
a feature composed of blue stars is observed in the ranges
(g − r)0 < 0 and 15 < g0 < 18. BP stars are very bright and
significant bluer than the rest of foreground and background
Milky Way population. This enables to use them as excel-
lent tracers of the possible CMa population across the full
sky, being also ideal targets for follow-up spectroscopy stud-
ies (even with intermediate-size telescopes) to derive their
kinematics and chemical abundances. In order to obtain a
sub-sample of CMa star candidates based on the proper mo-
tions and parallaxes provided by Gaia, we have selected the
BP stars with −0.4 ≤ (g−r)0 ≤ −0.1, 15.5 ≤ g0 ≤ 17.5,
1 https://github.com/kbarbary/sfdmap
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Figure 2. Left: CMD corresponding to the central regions (237◦ ≤ ` ≤ 243◦ and −8◦ ≤ b ≤ −5◦) of CMa in our DECam∩Gaia. The
blue lines indicate the selection box of BP stars in the diagram. Middle: parallax distribution of all objects (grey) and BP stars (blue)
in the Galactic longitude ranges 237◦ ≤ ` ≤ 243◦ (top), 247◦ ≤ ` ≤ 253◦ (middle) and 257◦ ≤ ` ≤ 263◦ (bottom). The dashed vertical
lines indicate the central value of the Gaussian fit of the distributions of stars. Right : distribution for all (grey) and BP (blue) stars
in the proper motion space for stars with 237◦ ≤ ` ≤ 243◦. In both axes are presented the scaled distributions corresponding to those
populations, using the same color code.
237◦ ≤ ` ≤ 243◦ and −8◦ ≤ b ≤ −5◦. Since hot subdwarf
stars are the only possible polluters in this region of the
CMD, we have checked that none of our BP stars are found
in the Geier et al. (2019) catalogue. The selected section of
the CMD is indicated in the left panel in Figure 2.
3.1.1 Parallaxes and distance
Parallax and distance are two related variables but they do
not follow a linear function. Thus, inferring the distance from
the angular parallax, either for individual stars or for coher-
ent and compact stellar systems is not an easy task. With
the publication of Gaia’s data this topic has received a lot
of attention, and one can find numerous works in recent lit-
erature where various methods are proposed to estimate the
distance from parallax and its erroraˆA˘Z´s distribution (i.e.
Lindegren et al. 2018; Luri et al. 2018; Bailer-Jones et al.
2018; Chen et al. 2018; Ma´ız Apella´niz 2019, among others).
The parallaxes catalogued in Gaia DR2 seem to be too
small. The analysis of the zero-point correction provides dif-
ferent results depending on the type of objects studied (Lin-
degren et al. 2018; Ma´ız Apella´niz 2019; Chan & Bovy 2020),
their location within the Galaxy (Arenou et al. 2018), the
spatial coherence of the sample (Khan et al. 2019), the ap-
parent magnitudes (Arenou et al. 2018), or their photomet-
ric colors (Chen et al. 2018; Chan & Bovy 2020). Most of
these corrections are between 0.03 and 0.05 mas. We have
corrected the listed parallaxes by a constant zero point of
0.04 mas, which is a representative value of the proposed
zero-points distribution and coincides with the one suggested
by Ma´ız Apella´niz (2019) for the OB stars in the GOSSS
catalogue. The same happens with the parallax error in
Gaia DR2 that only reports the internal precision. A cor-
rection for the catalogued errors is given by the equation
σ2
total
= K σ2int + σ
2
ext , where K = 1.08 and σext = 0.043 mas
for stars with G ≥ 13 mag, as recommended by Lindegren et
al. (2018).
We have obtained the parallax distribution for all the
stars in the field brighter than g0 = 18 and the BP stars,
weighted by their error (wi = 1/σ2totali ), and using a bin size
of δ$ = 0.05 mas. Although for single objects negative par-
allaxes make no physical sense, their removal from the anal-
ysis of a stellar system would bias the parallax distribution
yielding erroneous estimates of its statistical moments (e.g.
see Luri et al. 2018). Selection by parallax internal precision
could also introduce some bias hard to detect and remove
in most cases. We thus have made use of the complete pho-
tometric sample, just pruned from Gaia bad quality data
choosing those objects matching the RUWE condition de-
scribed in Section 2.
The resulting distributions are shown in the upper mid-
dle panel of Figure 2. While most of the field stars are con-
centrated in the $ > 0.2 mas, peaking at $ ∼ 0.35 mas,
the distribution for BP stars shows a fairly symmetrical
distribution where mode, median, and mean are centred
around 0.14 mas, thus suggesting the presence of a well dif-
ferentiated substructure along this line of sight. Two-sample
Kolmogorow-Smirnov and Wilcoxon tests show that both
samples represent different statistical populations in term
of parallaxes, at a confidence level of 99%. The error in the
weighted mean, for our selected BP stars, can be approached
by  =
√
1/∑wi (Chen et al. 2018). That error is 0.00008 mas,
too low to be representative of the central parallax total un-
certainty. The Gaia parallax zero-point correction applied
here has taken into account only the blue color of these ob-
jects and choosing as a representative value the one given by
Ma´ız Apella´niz (2019) for OB stars. However, other authors
propose a value of 0.03 mas for the same spectral-type stars.
These approaches lead us to suggest that a more realistic
estimate of the uncertainty in the obtention of the central
parallax for CMa BP stars is not under 0.01 mas. We con-
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clude that the population traced by the BP stars is located
at an average distance of 7.1 +0.6−0.4 kpc, which is in good agree-
ment with the values previously reported (< d >∼ 7 kpc,
Martin et al. 2004; Mart´ınez-Delgado et al. 2005; Bellazzini
et al. 2006; Butler et al. 2007). We repeat this procedure for
two additional Galactic longitude ranges, which show simi-
lar distributions, as shown in the central panel in Figure 2
and derived the following heliocentric distances: 7.8 +0.7−0.6 kpc
(` = 250◦) and 9.0 +1.0−0.7 kpc (` = 260
◦). Therefore, the sub-
structure traced by BP stars is observed throughout the
full region observed with DECam, 230◦ ≤ ` ≤ 265◦, and
it is confined in the 6.7 < d[kpc] < 10.0 section of our
DECam∩Gaia catalog.
3.1.2 Proper motions
Once we have analyzed the spatial distribution of BP stars
along the line of sight towards the central region of CMa,
we proceed to derive mean proper motions for the bulk
of CMa stars by using the same blue stars as reference.
Proper motions have been transformed to the Galactic sys-
tem using the equations found in Poleski (2013). As shown
in the right panel in Figure 2, BP stars are concentrated
in the (µ` cos(b), µb) plane around < µ` cos(b) >= −1.78 ±
0.38 mas yr−1 and < µb >= 0.13 ± 0.24 mas yr−1, where the
quoted error means for the standard deviation of the dis-
tributions. The mean values obtained for the BP stars are
slightly shifted with respect to the ones derived for the com-
plete sample, and with a smaller standard deviation, thus
proving that BP stars in the CMa field are concentrated on
both parallax and proper motions variables and represent a
well-defined stellar population in the Gaia astrometric space.
In order to better draw the contours of this population
in the 3D space defined by proper motions and parallax, we
have obtained the Spectrum of Kinematic Grouping (SKG)
for the BP stars. This method was developed by Alfaro &
Gonza´lez (2016) to analyse spatial groupings of stellar ra-
dial velocity in star-forming regions, and has been applied
to the search for kinematic substructures in selected regions,
including NGC 2264 (Gonza´lez & Alfaro 2017), Cyg OB1
(Costado et al. 2017), and Monoceros (Costado & Alfaro
2018). This method is based on that developed by Allison
et al. (2009) with the contributions of Maschberger & Clarke
(2011) to analyse the mass segregation in stellar clusters and
star-forming regions. Basically, it consists in sorting the vari-
able to be analysed, parallax in our case, and splitting the
sample into Nint intervals of the same number of Ndat data,
which are initially taken as Ndat =
√
Ntotal. For each par-
allax interval, the median of the Minimum Spanning Tree
(MST) edges is calculated and compared with the same value
obtained for a random selection of Ndat points extracted
from the sample. If the median of the random selection is
significantly greater than that of the analysed interval, we
say that this parallax presents a grouping in the Vector-
Point Diagram (VPD). The ratio between the median of the
MST edges of the random sample and that of the corre-
sponding interval (Λ) has to be greater than 1 (at least with
a 2 σ confidence interval) to consider that the representa-
tive parallax of that interval is segregated. The specifics of
the method and its application can be seen in more detail
Figure 3. Top: Parallax distribution for the ∼ 4000 stars resulting
from the SKG analysis. Bottom: distribution in the proper motion
space for the photometrically (red) and SKG selected (blue) BP
stars.
in Alfaro & Gonza´lez (2016) and Alfaro & Roma´n-Zu´n˜iga
(2018).
For the SKG analysis of the ∼ 15000 BP stars in
237◦ ≤ ` ≤ 243◦ and −8◦ ≤ b ≤ −5◦, we have chosen bins of
120 objects with an overlap of 30 between two consecutive
intervals. If we select the bins with Λ− 2σ > 1 we find that
the stars in those bins (∼ 4000) show a bimodal distribution
with two maxima peaking at $ ∼ 0.12 and 0.06 mas (see up-
per panel in Figure 3). The VPD of the SKG selected stars is
shown in the lower panel in Figure 3, where a non-circular
structure with a greater elongation in the µ` cos(b) axis is
manifested. It should be noted that SKG analysis points to
the existence of concentrations in the 3D space formed by
the proper motions and parallaxes, but it does not perform a
membership analysis, so this diagram may be contaminated
by a few stars located very far from the central values of the
3D distribution.
SKG analysis of the selected BP stars modifies the par-
allax distribution obtained for the initial sample. The main
difference is its bimodal character and that the peaksaˆA˘Z´
parallaxes are lower than the weighted average value found
for the total sample of BPs. There appears to be two concen-
trations of BP stars with coherent motions that are further
apart from the Sun than the previous estimate for the distri-
bution of BPs selected only by their position on the CMD.
Taking into account the possible biases that can be intro-
MNRAS 000, 1–12 (2020)
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Figure 4. Density map generated with all the BP stars with
15.5 ≤ g0 ≤ 17.5, −0.4 ≤ (g − r)0 ≤ −0.1 and E(B − V ) ≤ 0.3
in our DECam∩Gaia.We only considered those stars satisfying
the criteria in the proper motion space derived in this work for
CMa and assumed a heliocentric distance of d = 8 kpc for the
complete sample.
duced into the transformation of parallaxes to distances, we
will adopt here d ∼8 and 16 kpc as the most probable value
for the distances of the BP concentrations, with a total error
of not less than 2 kpc, based on the position of the maxi-
mums and their widths. The most distant of these compo-
nents might be associated with the farthest stars detected
by Carraro et al. (2017) during a study of BP stars in the
neighbourhood of the sky area covered by our DECam∩Gaia
data. It is difficult to realistically assess the global uncer-
tainty (precision and bias) of these estimates, but our anal-
ysis shows a clear fact, not to be missed on how to perform
the transformation between parallaxes and distances: there
are two localized concentrations at different parallaxes (dis-
tances), both farther from the Sun than the 7.1 +0.6−0.4 kpc
determined as the most representative value for the whole
sample of BPs.
3.1.3 Spatial distribution
If CMa is composed of the remnants of an accreted dwarf
galaxy, the young and bright BP stars would be clustered to-
wards its densest and central regions (see e.g. Phoenix dwarf
and Antlia dwarf irregular galaxies; Aparicio et al. 1997;
Mart´ınez-Delgado et al. 1999). The density map shown in
Figure 4 was built by counting BP stars with E(B−V) ≤ 0.3
and matching the selection criteria in proper motions de-
rived above, for which we assumed a distance of d =
8 kpc. The CMa overdensity, more specifically its hypothet-
ical core, spans ∼ 25◦ in Galactic longitude as an asym-
metrical elongated substructure with its densest section in
235◦ < ` < 240◦ and confined to the −1 < z[kpc] < −0.5 sec-
tion of the Galaxy. Although it would be also desirable to
study the complete shape of the stellar overdensity by con-
sidering MS stars, the larger errors in the proper motions
provided by Gaia DR2 for sources fainter than G ∼ 18 (see
e.g. Evans et al. 2018) make it difficult to properly distin-
guish between CMa and Galactic members in the faint end of
Figure 5. Synthetic CMDs generated using the BaSTI stellar
evolution models (Hidalgo et al. 2018, and references therein) for
two populations with metallicities [Fe / H] = -0.4 (light grey)
and [Fe / H]= -0.9 (dark grey), and covering an age range from
20 Myr to 10 Gyr. Yellow and green dots indicate objects with age
< 100 Myr for both models. The 92 stars with best VOSA fitting
are placed in the diagram assuming the heliocentric distances to
the spatial concentrations of BP stars found in our analysis at
d ∼ 8 kpc (blue) and ∼ 16 kpc (red). Dereddened magnitudes in
our catalogue have been used for this plot.
our photometry. Even so, the spatial distribution traced by
the BP stars identified in our DECam∩Gaia survey, is com-
patible with the presence of a stellar system with a small
dispersion along this line of sight.
3.1.4 What are the BP stars?
With the purpose of exploring the nature of the BP stars,
we have chosen the brightest objects from our sample with g
< 16.5 mag. With this criterion, we try to ensure that these
objects have photometric measurements in different public
catalogues. To determine their physical properties, we re-
sorted to the Virtual Observatory (VO) tool called Virtual
Observatory SED Analyzer (VOSA: Bayo et al. 2008) that
allows the obtaining of the photometric data associated with
the VOSA databases and its comparison with different stel-
lar libraries. For this particular case, we have selected the
BT-COND, Kurucz, TLUSTY and Koester sets of stellar
models (Kurucz 1993; Hubeny & Lanz 1995; Allard et al.
2012; Koester 2010). The first two encompasses a broad set
of physical parameters, where BT-COND includes the cold-
est objects. TLUSTY models expand to highest tempera-
tures and Koester models stand for white dwarfs. We leave
the reddening parameter free, with AV between 0 and 2 mag.
Of the 176 selected stars, VOSA finds a solution for
175 objects. From them, we have chosen those with χ2
values aˆA˘N´aˆA˘N´less than 3 and a number of fitted photo-
metric bands greater than or equal to 12. For the 92 ob-
jects that meet these conditions, the following mean values
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Figure 6. Radial velocity distribution for stars along the line of
sight of the hypothetical core of CMa (`, b) = (240◦, −7◦), in the
same heliocentric distance and proper motions ranges than the
selected BP stars in this sky area. The dashed red line corresponds
to the gaussian fitted to the distribution with a central value of
< vr Gaia >= 97 ± 27 km s−1 (vertical red line). The solid grey line
indicates the mean radial velocity of CMa derived by Martin et al.
(2004).
aˆA˘N´aˆA˘N´are obtained: < Teff >= 9440 K, < log(g) >= 3.6 and
< [Fe/H] >= −1.6. The ranges of values aˆA˘N´aˆA˘N´obtained
expand from 7400 to 15000 K for Teff , between 2.5 and 4.5 for
log(g) and -4 and 0.5 for metallicity. The metallicity value
is the one with the highest degree of uncertainty, especially
if we move towards high temperatures and we have no in-
formation on the ultraviolet bands. In other words, if we
leave the metallicity aside, the BP stars are subgiant and
dwarf objects in a temperature range perfectly compatible
with their position in the CMD at the distances estimated
for the two stellar concentrations detected in this work (see
Figure 5).
3.1.5 Orbit
We use the galpy package (Bovy 2014) to compute here
a tentative orbit for a sample of 100 likely CMa BP stars
using the mean proper motions and heliocentric distance
ranges derived in this section. The distance of the Sun to the
Galactic center and its circular velocity are set to R = 8 kpc
and V = 240 km s−1, respectively (Reid et al. 2014). The er-
rors in our input parameters are high due the distribution
observed in the proper motion space along the sky area con-
tained in the DECam∩Gaia survey and the intrinsic errors
in our distances to the BP stars. Therefore, although the
computed orbit might be enough to explore the likely in-
plane rotation of this halo substructure, it is not simple to
derive a well-constrained orbit of CMa with this dataset.
There is not radial velocities available for BP stars along
this line of sight in Gaia DR2 yet, where only brighter and
redder objects have measurements. For this reason, we re-
trieve all the objects with radial velocities available and sat-
isfying the criteria derived above both in parallax and proper
motions. The distribution of radial velocities for stars within
a circle with radius r = 10◦ centered in (`, b) = (240◦,−7◦) is
shown in Figure 6. A mean radial velocity of < vr Gaia >=
97 ± 27 km s−1 is obtained from the Gaussian fit of the dis-
tribution, which is similar to the value derived by Martin
et al. (2004) for a sample of M-giant stars likely associated
with CMa and set at < vr M2004 >= 109 km s−1, and with
the mean velocity derived for a few tentative BP stars to-
wards the open cluster Tombaugh 1 (Carraro et al. 2017).
The resulting orbit for CMa moving with < vr Gaia > in a
Milky Way-like potential (MWPotential2014 in galpy) has
< |z |max >∼ 1 kpc, while when we compute it by assuming
< vr M2004 > we obtain < |z |max >∼ 0.9 kpc. Therefore, the
orbit of CMa as an hypothetical accreted dwarf galaxy is
confined to the |z | < 1 kpc section of the Galaxy, in contrast
to the |z |max = 2 kpc derived by Dinescu et al. (2005). As for
the motion of CMa perpendicular to the Galactic disk, we
derive < |vz |max >∼ 27 km s−1 using both radial velocities,
which is a value fully compatible with the on-plane rotation
of the rest of Milky Way disk stars.
In summary, our analysis of the DECam∩Gaia data
confirms that CMa is a vast and coherent stellar substruc-
ture located in the inner halo in the range 230◦ < ` < 255◦
with a denser region containing blue and (possibly) young
stars around ` = 237◦. However, its orbit, based on its mean
proper motions, is still compatible with that of the rest of
Milky Way disk stars. This means that, with our photomet-
ric survey and the kinematical data available in the literature
and Gaia DR2, CMa is confined to the plane and it seems
unlikely a different origin for this overdensity from that of
the rest of the stars along this line of sight in the Galaxy.
3.2 All-sky distribution of BP stars: the spiral
structure of the Milky Way
Is CMa part of a larger Galactic component? The structure
of the outer edge of spiral disks is still a matter of debate
(Bland-Hawthorn & Gerhard 2016, and references therein).
In particular, for the Milky Way, some authors invoke the
truncation of the disk at a Galactocentric radius of between
10 and 16 kpc (e.g. Minniti et al. 2011), while others pro-
vide evidence that both the stellar and the gas components,
continuously distribute up to 20 or 30 kpc from the Galac-
tic center (Lo´pez-Corredoira et al. 2018). In the direction
of our DECam photometric survey, the situation is more
complicated because this area has shown some peculiarities,
including i) lower levels of interstellar extinction; ii) it coin-
cides with the direction of the maximum southern warping
of the gas and the stellar component (e.g. Chen et al. 2019);
iii) there is strong evidence of a flare (an increase in the
height scale with the Galactocentric distance) in the distri-
bution of stars and gas (Li et al. 2019); iv) the distribution
of atomic and molecular gas shows gaps at different veloc-
ity ranges (see pioneer work by Lindblad 1967); and v) the
presence of the Monoceros halo substructure, whose nature
is still unclear, has been widely confirmed (e.g. Morganson
et al. 2016).
To shed more light on the origin of CMa, we proceed
now to inspect for the first time its full extension in the sky
making use of the (G, GBP, GRP) photometry provided by
Gaia. We have retrieved all the information for the sources
from the Gaia DR2 with phot bp rp excess factor ≤ 1.5
and visibility periods used ≥ 5 for the section of the
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Figure 7. Left : parallax probability distribution for stars with −0.15 ≤ (GBP − GRP)0 ≤ 0.15 and 12 ≤ G0 ≤ 18. The distributions
corresponding to stars in 240◦ ≤ ` ≤ 245◦, above b = 5◦ and below b = −5◦ are represented in red and blue, respectively. The dotted
vertical line correspond to an arbitrary separation between two populations at $ ∼ 0.17 mas. Middle and right panels show the CMDs
correponding to all stars with E(B −V ) < 0.3 in the region defined by 240◦ ≤ ` ≤ 245◦, |b | ≥ 5◦ with $ ≤ 0.17 and > 0.17, respectively.
The orange solid lines represent the selection boxes used to generate the faint and bright samples of tentative BP stars.
Figure 8. Density maps in Galactic coordinates generated with all the tentative BP stars in Gaia DR2 with colors −0.15 ≤ (GBP −GRP)0 ≤
0.15, and satisfying 12 ≤ G0 ≤ 14.5 (bright sample, up) and 15.5 ≤ G0 ≤ 18 (faint sample, down), with E(B −V ) ≤ 0.3. Only those objects
with RUWE ≤ 1.4 are considered. The high-density region in 220◦ ≤ ` ≤ 300◦ and b < 0◦ in the lower panel might be associated with the
structure containing CMa. The red box indicates the sky area covered by our DECam∩Gaia survey.
Milky Way with |b| ≤ 20◦ and, to avoid the crowded regions
of the Galaxy, 30◦ ≤ ` ≤ 330◦.
A first step is to investigate whether BP stars are only
found in the CMa region or if they are also present in the
northern Galactic hemisphere. We focus on the blue and
bright objects found in the 240◦ ≤ ` ≤ 245◦, |b| ≥ 5◦
section of the Galaxy with −0.15 ≤ (GBP − GRP)0 ≤ 0.15,
12 ≤ G0 ≤ 18, and E(B − V) ≤ 0.3. The range of G0 magni-
tudes considered allows the inclusion of brighter (and likely
closer) BP stars. The left panel in Figure 7 shows the par-
allax probability distributions for these tentative BP stars
in both Galactic hemispheres, separately. Once again, the
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BP stars associated with CMa (without SKG analysis) peak
at d ∼ 7 kpc, while the objects at positive Galactic lati-
tudes seem to peak at d ∼ 4 kpc. When we arbitrarily split
the CMD corresponding to this region into two components
with parallaxes greater than or lesser than $ ∼ 0.17 mas,
we obtained the diagrams contained in the middle and right
panels in Figure 7. We recover the characteristic BP classi-
cally associated with CMa but also a brighter/closer feature,
composed of stars with G0 ≤ 15. This result confirms that
the so-called BP stars also represent a prominent population
in the northern hemisphere, but it might have been missed
by previous photometric studies of the area because of their
proximity to us, thus yielding in brighter magnitudes and a
lower density of objects in pencil-beam surveys. We continue
with our study of BP stars in the Galaxy by designing two
selecting boxes corresponding to the bright and faint sam-
ples, with 12 ≤ G0 ≤ 14.5 and 15.5 ≤ G0 ≤ 18 respectively,
and with −0.15 ≤ (GBP − GRP)0 ≤ 0.15. We have always re-
stricted our samples to those objects with E(B − V) ≤ 0.3,
so we avoid the presence of non-BP stars as much as possi-
ble and, given that large-scale substructures are expected to
show a gradient in the proper motion space, proper motion
criteria are not considered here.
Figure 8 shows the density maps of BP stars in the
bright and faint samples in Galactic coordinates, generated
using a bin size of 1◦ and counting stars with RUWE ≤ 1.4.
The high-extinction regions are observed around the plane
and dominate the sky at low Galactic latitudes in the range
` < 150◦. The faint sample map confirms once again that
there exists a remarkable overdensity of blue stars towards
the hypothetical accreted dwarf galaxy. However, it also be-
comes evident that CMa is only a part of a more extended
substructure of stars in the 220◦ < ` < 300◦ section, with
colors and magnitudes compatible with that of the BP stars
observed towards the core of CMa. This larger and elongated
overdensity is similar to the one traced by RC stars in Bel-
lazzini et al. (2006) and is mainly found below the Galactic
plane in those regions with lower levels of extinction.
The all-sky distribution of faint BP stars might indicate
that the CMa substructure is product of the difficulties to
detect those stars in high-extinction sections in the |b| ≤ 5◦
sky. Indeed, the core of CMa is identified in a wide area
with E(B − V) ≤ 0.3, while the extinction is higher around
other tentative overdensities of BP stars found in the third
Galactic quadrant. Our density map is in good agreement
with the distribution of 2MASS M-giant stars derived by
Rocha-Pinto et al. (2006), in which a stellar substructure
dubbed “Argo” is revealed. The latter overdensity seemed
to be centered at ` ∼ 290◦ and encompassing CMa, which
those authors explained in terms of the existence of a dust
extinction window towards the hypothetical accreted dwarf
galaxy. Detailed molecular gas surveys covering this region
also show a clear gap in its distribution along this line of
sight (e.g. Reid et al. 2019, and references therein). There-
fore, one would assume that lower levels of extinction in
this region may lead us to observe a completely different
morphology for CMa. A significant group of Gaia objects
classified as faint BP stars according to our criteria is found
towards (`, b) = (65◦, 5◦), whose extension is unknown due
to the high levels of extinction in its surrounding sky area.
An overdensity at this same position was also reported by
Martin et al. (2004) in their CMa discovery paper. How-
ever, other substructures mentioned in that paper (e.g. the
Northern Arc) are not detected in our study.
Interestingly, Carraro et al. (2017) obtained radial ve-
locities for the stellar populations along the line of sight to
the open cluster Tombaugh 1 and included a group of stars
with colors and magnitudes compatible with that of our BP
stars, with d > 5 kpc, and likely members of such a vast
structure. When we cross-match their star sample C with
Gaia DR2 data and computed their orbits using the same
setup described in Section 3.1.5, they also seem to be con-
fined to the plane. These authors argued that these stars are
members of the Outer spiral arm of the Milky Way (e.g. see
Du et al. 2016; Benedettini et al. 2020), which is displaced
from the Galactic plane due to the warped disk observed
in the outer Galaxy. In a similar way, CMa seems to be a
section of the Outer (also Norma-Outer) spiral arm, which
is observed thanks to the unlikely combination of low inter-
stellar extinction and maximum amplitude of the Galactic
warp along that line of sight.
The distribution of bright BP stars is shown in the up-
per panel of Figure 8 and also suggests that these blue and
bright stars are dispersed throughout the |b| < 15◦ Galaxy
instead of being exclusively found in the CMa area, which
is a solid argument against the extra-Galactic origin of that
structure. Stars in the bright BP sample are mainly found
in the northern hemisphere of the third Galactic quadrant
in the 160◦ ≤ ` ≤ 260◦ area. The projected position of this
overdensity and its heliocentric distance (d ∼ 4 kpc) is in
good agreement with the trajectory of the Perseus spiral
arm (see Hou & Han 2014). Besides the Perseus and Outer
spiral arms, our results in Section 3.1.2 show the presence of
a third structure along the same line of sight at d ∼ 16 kpc,
which might be associated with the elusive continuation of
the Scutum-Centaurus and Outer Scutum-Centaurus spiral
arms (Dame & Thaddeus 2011; Armentrout et al. 2017). Fur-
ther exploration of this area with future Gaia data releases
will help us to better understand the overall morphology of
the outer Milky Way.
The origin of the Monoceros ring, the halo substruc-
ture of which CMa has been proposed as the progenitor
dwarf galaxy, is still under debate. Recent numerical sim-
ulations have shown that if such a massive Galactic sub-
structure is the result of an accretion event, its progenitor
is on a retrograde orbit and currently located behind the
bulge (Guglielmo et al. 2018). On the other hand, Mono-
ceros might be composed of stars originated in the Galactic
disk and subsequently pushed away from the Galactic plane
because of the interaction with one or several satellite galax-
ies (e.g. Xu et al. 2015; Laporte et al. 2018; Sheffield et al.
2018). In either of these two possible scenarios, and based
on the spatial and orbital properties derived above, CMa
is unlikely associated with Monoceros, independently of its
formation processes.
3.3 CMa as a signature of the warped Milky Way
disk
As we have mentioned above, the fact that CMa is found
below the Galactic plane in the third quadrant suggests
that it is likely associated with the observational signature
produced by the projected warped disk, as previously sug-
gested by several authors (e.g. Momany et al. 2006; Lo´pez-
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Corredoira et al. 2007; Carraro et al. 2017). Although the
study and the parametrization of the Galatic warp is be-
yond the scope of this work (see recent results on this topic
in Poggio et al. 2018; Chen et al. 2019; Romero-Go´mez et al.
2019; Chrobakova et al. 2020; Poggio et al. 2020), we explore
here the vertical distribution of BP stars in the faint sam-
ple, with colors and magnitudes compatible with those of the
BP stars towards CMa, as a function of their Galactic longi-
tude. We estimate the mean z values for all stars in the sky
stripes defined by −8◦ ≤ b ≤ −5◦ and 5◦ ≤ b ≤ 8◦, using the
main parallax of the stars in each of the 20 bins in which we
have divided the 30◦ ≤ ` ≤ 330◦ area. The resulting vertical
distribution for these objects is found in Figure 9.
Both components of BP stars seem to be confined to the
|z| < 1 kpc section of the Milky Way and reach their max-
imum separation from the Galactic plane at ` ∼ 270◦ and
` ∼ 90◦, while the line of nodes is near parallel to the solar
Galactocentric radius. However, as we consider the samples
separately, it is evident that the |< z>| values are higher
along the third and fourth Galactic quadrants for stars be-
low the plane, while BP stars with positive Galactic latitudes
reach |< z>| ∼ 0.9 kpc along the first and second quadrants.
This behavior for BP stars is easily observed in the map
shown in the lower panel of Figure 8 and seem to put in
evidence the warped structure of the Galactic disk, with a
distortion towards positive latitudes in the ` < 180◦ region
and towards negative latitudes in the ` > 180◦ section of the
Milky Way.
In this context, CMa is located in a region of the Galaxy
where the warp of the disk, as traced by BP star candidates,
is closed to reach its maximum distance to the b = 0◦ level.
In Figure 9 we have also overplotted the sample of Cepheid
stars identified by Chen et al. (2019) in the same sky stripes
used here, whose projected positions in the z−` plane are in
good agreement with the warped structure revealed by our
sample of BP stars. The Galactic longitude ranges in which
the warped disk is observed are similar to those unveiled by
Poggio et al. (2018), although their stars with higher vertical
velocities are found at ` > 120◦. These results reinforce the
scenario in which the bright BP population away from the
disk is mainly associated with the Galactic warp, and offers
an excellent opportunity to study the formation and stel-
lar population of this structure with unprecedented detail
thanks to future Gaia data releases.
4 CONCLUSIONS
We have revisited the stellar population, extension and kine-
matic of the putative CMa overdensity with DECam and
Gaia DR2 trying to shed light on its real three-dimensional
structure and its origin as possible debris of an accreted
dwarf galaxy. The proper motion values for a sample of BP
stars, hypothetically associated with the core of CMa, are
concentrated in the proper motion space but still with values
compatible with those of the rest of stars in the same line
of sight. The orbit derived for this overdensity from those
Gaia proper motion estimates suggests that it is orbiting the
Milky Way with an on-plane rotation.
We are able to trace the CMa overdensity using BP
stars selected in our photometric survey. The CMa overden-
sity is a real structure at low Galactic latitudes but, when
Figure 9. Mean value of z for selected BP stars along the stripes
defined by −8◦ ≤ b ≤ −5◦ (red solid line) and 5◦ ≤ b ≤ 8◦ (green
solid line). Dashed lines correspond to the projected position of
the Chen et al. (2019) sample of Cepheid variable stars along the
same sky stripes.
we extend our study to the rest of the sky using Gaia pho-
tometry, we find that BP stars are observed not only within
the central areas of the CMa overdensity but also across the
third Galactic quadrant and the rest of the Galaxy.
We conclude that the CMa properties are more consis-
tent with a structure, likely the Outer spiral arm, embedded
in the warped disk, instead of being a halo substructure gen-
erated by the assimilation of a minor satellite galaxy. Future
Gaia data releases will provide us accurate astrometry, pho-
tometry and radial velocities not only for the BP population
across the Galaxy but also for the faint end of the CMD,
where the MS of the stellar system associated with those
blue and bright stars is present. Such a remarkable dataset
will allow us to understand some of the most tangled Galac-
tic features, including the flare and warp of the Milky Way
disk.
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